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METHODS AND APPARATUSES FOR 
MONITORING ORGANIC ADDITIVES IN 
ELECTROCHEMICAL DEPOSITION 

SOLUTIONS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to methods and appara 

tuses for conducting organic analysis of electrochemical 
deposition solutions, especially for monitoring organic addi 
tive concentrations in electrochemical copper plating baths. 

2. Background of the Invention 
In the practice of copper interconnect technology in semi 

conductor manufacturing, electrochemical deposition (ECD) 
is Widely employed for forming copper interconnect struc 
tures on microelectronic substrates. The Damascene process, 
for example, uses physical vapor deposition to deposit a seed 
layer of copper on a barrier layer, folloWed by electrochemi 
cal deposition of copper. 

In the ECD operation, organic additives as Well as inor 
ganic additives are employed in the plating solution in Which 
the metal deposition is carried out. The ECD process is sen 
sitive to concentration changes of both the organic and inor 
ganic components. Since concentrations of these components 
can vary considerably as they are consumed during the life of 
the bath, it therefore is necessary to conduct real-time moni 
toring and replenishment of all major bath components to 
ensure optimal process e?iciency and yield of the semicon 
ductor product incorporating the electrodeposited copper. 

Inorganic components of the copper ECD bath include 
copper, sulfuric acid and chloride, Which may be measured by 
potentiometric analysis. Organic additives such as suppres 
sors, accelerators, and levelers are added to the ECD bath to 
control uniformity of the ?lm thickness across the Wafer 
surface. The concentration of the organic additives can be 
measured by pulsed cyclic galvanostatic analysis (PCGA), 
Which mimics the plating conditions occurring on the Wafer 
surface. In the practice of the PCGA method, copper is elec 
troplated onto a Working or testing electrode, by supplying a 
suf?cient current (or potential), While monitoring the corre 
sponding potential (or current). The electrical potential (or 
current) measured during such electroplating step correlates 
With the organic additive concentrations in the sample elec 
troplating bath, and therefore can be used for determining 
concentrations of organic additives. For further details 
regarding the PCGA processes, please see US. Pat. No. 
6,280,602 issued Aug. 28, 2001 to Peter M. Robertson for 
“Method and Apparatus for Determination of Additives in 
Metal Plating Baths,” the disclosure of Which hereby is incor 
porated herein by reference for all purposes. 

There is a continuing need to improve the PCGA analysis 
of organic additives in ECD baths and to provide more stable 
analytical signals and to reduce noise and measurement 
errors. 

There is a further need to modify the conventional PCGA 
procedures to achieve shorter calibration and measurement 
cycles, reduce the analysis time, and simplify the hardWare 
and softWare required for performing the PCGA analysis. 

There is still a further need to account for interactions 
betWeen the different types of organic additives and their 
impact on the PCGA analysis results. 

Other objects and advantages Will be more fully apparent 
from the ensuring disclosure and appended claims. 

SUMMARY OF THE INVENTION 

The present invention relates generally to real-time analy 
sis of ECD metal plating solutions, for the purpose of reduc 
ing plating defects and achieving high quality metal deposi 
tion. 
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2 
In one aspect, the invention relates to use of a microelec 

trode that has a longitudinal axis and an average transverse 
dimension (i.e., as measured along a direction that is perpen 
dicular to its longitudinal axis) of from about 1 pm to about 
250 pm in an electrochemical analytical cell for analyZing a 
sample electrochemical deposition solution. Such electro 
chemical analytical cell speci?cally comprises (l) a measure 
ment chamber for receiving the sample electrochemical 
deposition solution, such measurement chamber being in 
?uid communication With at least one liquid inlet and at least 
one liquid outlet, (2) a test electrode, a counter electrode, and 
a reference electrode positioned in the measurement chamber 
for contacting the sample electrochemical deposition solu 
tion, Wherein the test electrode is a microelectrode as 
described hereinabove. Such microelectrode may comprise 
platinum or platinum alloy. 

In another aspect, the invention relates to an electrochemi 
cal analytical cell for analyZing a sample electrochemical 
deposition solution, Which has a ?oW-through con?guration. 
Speci?cally, such electrochemical analytical cell comprises 
(1) a measurement chamber for receiving the sample electro 
chemical deposition solution, such measurement chamber 
being in ?uid communication With at least one liquid inlet and 
at least one liquid outlet, thereby de?ning a liquid pathWay 
therethrough, (2) a test electrode, a counter electrode, and a 
reference electrode positioned in such measurement chamber 
for contacting the sample electrochemical deposition solu 
tion, Wherein each of the test electrode, the counter electrode, 
and the reference electrode comprises one or more liquid 
contacting surfaces, and Wherein the test electrode, the 
counter electrode, and the reference electrode are arranged 
and constructed so that all of the liquid-contacting surfaces of 
said electrodes are aligned With one or more surfaces of the 
liquid inlet, the liquid outlet, and/ or the measurement cham 
ber, and that the liquid pathWay is free of blockage by the 
electrodes. 

In order to reduce or avoid blockage of the liquid pathWay, 
at least one or both of the test electrode and reference elec 
trode can be embedded in a Wall of the measurement chamber, 
While such test and/or reference electrode(s) comprises (1) 
electrical connectors extending outside of the measurement 
chamber and (2) a liquid-contacting surface aligned With an 
inner surface of the measurement chamber for contacting 
sample electrochemical deposition solution in the measure 
ment chamber. 

Further, the counter electrode can comprise a tubular ele 
ment With an inner surface and an outer surface and form a 
part of the liquid outlet for the sample electrochemical depo 
sition solution to pass therethrough. In such manner, such 
counter electrode can maintain contact With the sample elec 
trochemical deposition solution at its inner surface, While 
concurrently being connected With external electrical con 
nectors at its outer surface for measurement purposes. 
A further aspect of the invention relates to an electrochemi 

cal analytical cell for analyZing a sample electrochemical 
deposition solution. Such electrochemical cell comprises a 
measurement chamber comprising an inner volume de?ned 
by a bottom surface, a top surface and a chamber Wall ther 
ebetWeen, for receiving the sample electrochemical deposi 
tion solution. Such measurement chamber is in ?uid commu 
nication With at least one liquid inlet and at least one liquid 
outlet. A test electrode, a counter electrode, and a reference 
electrode extend from the top surface of the measurement 
chamber doWnWardly into the inner volume thereof, for con 
tacting the sample electrochemical deposition solution con 
tained therein, While the liquid inlet comprises an opening on 
the bottom surface of the measurement chamber, so as to 



US 7,435,320 B2 
3 

introduce liquid from the bottom surface upwardly into the 
inner volume of the measurement chamber. 
A ?rst and a second liquid outlet can be provided for 

discharging over?oWed liquid from the measurement cham 
ber. Speci?cally, the ?rst liquid outlet comprises a ?rst open 
ing on the chamber Wall for discharging a ?rst liquid (e.g., the 
sample electrochemical deposition solution after measure 
ment), and the second liquid outlet comprises a second open 
ing on the chamber Wall for discharging a second liquid (e.g., 
a cleaning solution) that is different from said ?rst liquid. The 
distance betWeen the ?rst opening and the bottom surface of 
the measurement chamber is less than distance betWeen the 
second opening and the bottom surface of the measurement 
chamber. In this manner, the second liquid is capable of 
rinsing the ?rst opening When discharged through the second 
opening. 

Further, at least one of the ?rst and second liquid outlets 
comprises a liquid passage in ?uid communication With the 
respective opening, Wherein such liquid passage is slightly 
slanted so as to prevent liquid back?oW into the inner volume 
of the measurement chamber. 

The above-described neW features associated With the elec 
trochemical analytical cell can be employed either indepen 
dently or jointly to construct neW electrochemical cells hav 
ing enhanced performance and reduced risk of sample cross 
contamination. 
A still further aspect of the present invention relates to a 

method for electrochemically depositing a metal onto an elec 
trode surface, comprising the steps of: 

(a) providing a Working electrode and a counter electrode 
that are both in contact With an electrochemical deposi 
tion solution comprising one or more metal ions; 

(b) applying a potential pulse betWeen the Working and 
counter electrodes for a su?icient period of time to 
induce metal nucleation on an surface of the Working 
electrode; 

(c) subsequently, applying a constant plating current 
betWeen the Working and counter electrodes suf?cient 
for effectuating electrochemical deposition of metal 
onto the surface of the Working electrode. 

Another aspect of the present invention relates to a method 
for electrochemically determining concentration of one or 
more target components in a sample electrochemical deposi 
tion solution, comprising the steps of: 

(a) contacting a Working electrode and a counter electrode 
With the sample electrochemical deposition solution; 

(b) applying a potential pulse betWeen the Working and 
counter electrodes for a su?icient period of time to 
induce metal nucleation on an surface of the Working 

electrode; 
(c) subsequently, applying a constant plating current 
betWeen the Working and counter electrodes suf?cient 
for effectuating electrochemical deposition of metal 
onto the surface of the Working electrode from the 
sample electrochemical deposition solution; 

(d) monitoring potential response of the sample electro 
chemical deposition solution under the constant plating 
current; and 

(e) determining concentration of one or more target com 
ponents in such sample electrochemical deposition solu 
tion, based on the potential response of the sample elec 
trochemical deposition solution measured under the 
constant plating current. 

Preferably, such sample electrochemical deposition solu 
tion is a copper electroplating solution that comprises copper 
sulfate, sulfuric acid, chloride, and one or more organic addi 
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4 
tives such as suppressors, accelerators, and levelers, While the 
target components for concentration analysis are the one or 
more organic additives. 

Yet another aspect of the present invention relates to a 
method for conducting electrochemical analysis of a sample 
electrochemical deposition solution, said method comprising 
the steps of providing a measurement chamber having a mea 
suring electrode, a counter electrode, and a reference elec 
trode therein, and performing in such measurement chamber 
one or more measurement cycles by using said sample elec 
trochemical deposition solution. Each of such measurement 
cycles comprises the sequential steps of: 

(a) electrostripping the measuring electrode to remove 
metal residue formed thereon during a previous mea 
surement cycle; 

(b) applying a cyclic electropotential betWeen the measur 
ing and counter electrodes to remove organic residue 
formed on the measuring electrode during a previous 
measurement cycle; 

(c) ?lling the measurement chamber With fresh sample 
electrochemical deposition solution and alloWing the 
measuring electrode and counter electrode to reach an 
equilibrium state in the sample solution; 

(d) electrochemically depositing metal onto the measuring 
electrode by applying a constant electrical current 
betWeen the measuring electrode and counter electrode 
through the sample electrochemical deposition solution, 
While concurrently monitoring potential response of the 
sample solution; and 

(e) applying an electropotential betWeen the measuring 
electrode and counter electrode to remove at least a part 
of the metal deposit formed on the measuring electrode. 

Preferably, the sample electrochemical deposition solution 
is a copper electroplating solution that comprises copper sul 
fate, sulfuric acid, chloride, and one or more organic additives 
such as suppressors, accelerators, and levelers. 
An electrolytic cleaning solution comprising sulfuric acid 

can be used for electrostripping in step (a). More preferably, 
a part the electrostripping is conducted While such electro 
lytic cleaning solution is ?ushed through the measurement 
chamber, to remove metal residues that have been stripped of 
the measuring electrode and avoid further contamination of 
the measurement chamber by such metal residues. 

Such electrolytic cleaning solution may also be used to 
?ush the measurement chamber When the cyclic electropo 
tential is applied betWeen the measuring and counter elec 
trodes (i.e., cyclic voltammetry or CV scan) in step (b), to 
remove organic residues that come off the electrode surface 
during the CV scan. 
The equilibrium state in step (c) may be reached by dis 

connecting the measuring electrode from the counter elec 
trode, to form an open circuit. Alternatively, such equilibrium 
state can be reached by applying a predetermined electropo 
tential that is less than the copper plating potential betWeen 
the measuring electrode and the counter electrode. 

The electroplating in step (d) is preferably preceded by a 
potential pulse of from about —0. 1V to about —lV, to facilitate 
formation of metal nuclei on the electrode surface, and fol 
loWed by a stripping electropotential of from about 0.1V to 
about 0.5V, to remove at least a part of the metal plate formed 
during step (d) and thereby reduce the risk of alloying 
betWeen such metal plate and metal component of the mea 
suring electrode. 

Still another aspect of the present invention relates to a 
method for simultaneously determining concentrations of 
suppressor, accelerator, and leveler in a sample electrochemi 
cal deposition solution, comprising the steps of: 
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(a) identifying one or more non-compositional variables 
that have signi?cant impact on electropotential 
responses of electrochemical deposition solutions dur 
ing electrochemical metal deposition; 

(b) establishing a multiple regression model that expresses 
the electropotential responses of electrochemical depo 
sition solutions as a function of (1) such one or more 

non-compositional variables, (2) organic additive con 
centrations in the solutions, and the corresponding coef 
?cients; 

(c) conducting multiple calibration runs, by measuring 
electropotential responses of multiple calibration solu 
tions having unique, knoWn organic additive concentra 
tions at unique, predetermined values of said one or 
more variables; 

(d) determining the coef?cients that correspond to said one 
or more variables and the organic additive concentra 
tions in the multiple regression model, based on infor 
mation obtained from the calibration runs; and 

(e) conducting three experimental runs, by measuring elec 
tropotential responses of the sample electrochemical 
deposition solution at unique, predetermined values of 
said one or more variables; 

(f) establishing three equations based on the established 

20 

multiple regression model, said equations containing the 25 
coef?cients determined in step (d), the electropotential 
responses measured during the three experimental runs 
in step (e) and the corresponding predetermined values 
of said one or more variables, and the unknown concen 
trations of the suppressor, accelerator, and leveler in the 
sample electrochemical deposition solution; and 

(g) calculating said suppressor, accelerator, and leveler 
concentrations in the sample solution by solving the 
three equations provided in step (f). 

Preferably, analysis of variance is used for identifying the 
non-composition variables that have signi?cant impact on the 
electropotential responses of the electrochemical deposition 
solutions. Speci?cally, a preliminary multiple regression 
model including terms for all non-compositional variables 
that have potential impact on the electropotential responses is 
constructed, and analysis of variance tests are carried out to 
(1) estimate the parameters or coef?cients associated With 
such variables and (2) determine the probability or likelihood 
that such coe?icients are equal to Zero. Only those variables 
having non-Zero coef?cients at con?dence levels of not less 
than 95% (i.e., the probability of such coef?cients being Zero 
is not more than 5%) are selected to be included into a mul 
tiple regression model for determination of the organic addi 
tive concentrations. 

Six (6) non-composition variables have been identi?ed 
using such analysis of variance tests for analysis of organic 
additive concentration in copper electroplating solutions, 
Which include (1) nucleation potential (i.e., the potential 
pulse before current plating); (2) nucleation time, (3) electro 
plating current, (4) electroplating time, (5) scan rate (i.e., 
potential change rate) of the cyclic voltammetry during pre 
plating cleaning process, and (6) siZe of the measuring elec 
trode used during the electrochemical analysis. 
A multiple regression model including terms for these 

selected non-compositional variables and for the organic 
additive concentrations is then established in step (b). An 
important advantage of the method of the present invention is 
that it provides terms to account for interactions betWeen the 
non-compositional variables and/or the additive concentra 
tions. 

Once all the coef?cients for the non-compositional vari 
ables and the additive concentrations in such multiple regres 
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6 
sion model are determined via calibration, the actual sample 
analysis starts by conducting three experimental runs, each of 
Which has a different sets of predetermined values for the 
non-compositional variables. The electroplating potentials of 
the sample electrochemical deposition solution in such three 
experimental runs are measured and used to establish three 
equations according to the established multiple regression 
model. Each equation contains knoWn coef?cients, knoWn 
values of the non-compositional variables, and the electro 
plating potential value as measured. The only three unknown 
values in such equations are the organic additive concentra 
tions, Which can be readily determined by solving the three 
equations. 
The three experimental runs can be conducted sequentially 

in a single electrochemical analytical cell. Alternatively, they 
can be carried out simultaneously in three electrochemical 
analytic cells having three different plating protocols or set 
tings. 
A further aspect of the present invention relates to a method 

for simultaneously determining concentrations of suppressor, 
accelerator, and leveler in a sample electrochemical deposi 
tion solution, by using a single electrochemical analytical cell 
and a single plating protocol, comprising the steps of: 

(a) selecting n compositional terms that include suppressor 
concentration, accelerator concentration, leveler con 
centration, and interactions betWeen tWo or more of the 
additive concentrations, Wherein n23; 

(b) establishing m multiple regression models that corre 
spond to In time points during the electrochemical metal 
deposition process, Wherein each model expresses elec 
tropotential responses of electrochemical deposition 
solutions as a function of the n selected compositional 
terms and their corresponding coef?cients, Wherein 
mi3; 

(c) using the electrochemical analytical cell and the plating 
protocol for measuring electropotential responses of 
multiple calibration solutions at each of the In time 
points, Wherein such calibration solutions contain sup 
pressor, accelerator, and leveler at unique, knoWn con 
centrations; 

(d) determining the coef?cients of the n selected composi 
tional terms for each of the m multiple regression mod 
els, based on information obtained in step (c); (e) using 
the electrochemical analytical cell and the plating pro 
tocol for measuring electropotential responses of the 
sample electrochemical deposition solution at each of 
the In time points; and 

(f) determining the n selected compositional terms based 
on the established multiple regression models, the coef 
?cients determined in step (d), and the electropotential 
responses measured in step (e); and 

(g) calculating concentrations of suppressor, accelerator, 
and leveler in the sample electrochemical deposition 
solution from the compositional terms so determined. 

Matrix inversion can be used for quickly and directly deter 
mining the n selected composition terms in step (f). Speci? 
cally, three matrixes X, [3, and Y are constructed for repre 
senting the m multiple regression models as Y:[3X, Wherein 
X is a n><l compositional matrix containing the n composi 
tional terms, Wherein [3 is a m><n coe?icient matrix containing 
the coef?cients determined in step (d), and Y is a m><l 
response matrix containing the electropotential responses 
measured in step (e). The compositional matrix X containing 
the n compositional terms can be directed determined as 
X:([3'[3)_l[3'Y, Wherein [3' is the transpose of [3, and Wherein 
([3'[3)_l is the inverse of [3' [3. 
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The time points used for establishing the multiple regres 
sion models can be selected from any time instances during 
the electroplating process. For example, they can be selected 
from 0.2 second, 0.25 second, 0.5 second, 1 second, 5 sec 
onds, 10 seconds, and 20 seconds. 

Other aspects, features and embodiments of the invention 
Will be more fully apparent from the ensuing disclosure and 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional vieW of an electrochemical 
analytical cell having a ?ow-through con?guration, accord 
ing to one embodiment of the present invention. 

FIG. 2 is a cross-sectional vieW of an electrochemical 
analytical cell having an over?oW con?guration, according to 
one embodiment of the present invention. 

FIG. 3A is a graph of multiple electropotential response 
curves measured over time for a set of electrochemical depo 
sition solutions containing organic additives at different con 
centrations, Wherein the measurements Were conducted With 
a potential pulse folloWed by current plating. 

FIG. 3B is a graph of comparative electropotential 
response curves measured for the same set of electrochemical 
deposition solutions as in FIG. 3A, Wherein the measure 
ments Were conducted With a current pulse folloWed by cur 
rent plating. 

FIGS. 4A and 4B are illustrative potential Waveforms dur 
ing exemplary measurement cycles, according to tWo alter 
native embodiments of the present invention. 

DETAILED DESCRIPTION AND PREFERRED 
EMBODIMENTS THEREOF 

The present invention proposes various neW electrochemi 
cal analytical cell designs and neW methodologies for con 
ducting concentration analysis of electrochemical deposition 
(ECD) solutions, Which are described in detail as folloWs: 

Electrochemical Cells With Microelectrodes 
In one aspect of the present invention, microelectrodes 

having cross-sectional diameters of not more than 250 um are 
employed for electrochemical analysis of electrochemical 
deposition solutions, in place of the rotating disc electrodes 
(RDEs) used in conventional electrochemical cells as 
described in US. Pat. No. 6,280,602 entitled “METHOD 
AND APPARATUS FOR DETERMINATION OF ADDI 
TIVES IN METAL PLATING BATHS;” US. Pat. No. 6,459, 
011 entitled “APPARATUS FOR DETERMINATION OF 
ADDITIVES IN METAL PLATING BATHS;” US. Pat. No. 
6,592,737 entitled “METHOD AND APPARATUS FOR 
DETERMINATION OF ADDITIVES IN METAL PLAT 
ING BATHS;” and US. Pat. No. 6,709,568 entitled 
“METHOD FOR DETERMINING CONCENTRATIONS 
OF ADDITIVES IN ACID COPPER ELECTROCHEMI 
CAL DEPOSITION BATHS,” the contents of Which are 
incorporated by reference herein in their entireties for all 
purposes. 

Speci?cally, the present invention provides an electro 
chemical analytical cell comprising a single measurement 
chamber in Which the test electrode, the counter electrode, 
and the reference electrode are all positioned, Wherein at least 
the test electrode (and optionally the counter and/ or reference 
electrode(s)) is a microelectrode having a cross-sectional 
diameter Within a range of from about 1 pm to about 250 um, 
and preferably from about 1 pm to about 125 um, and more 
preferably from about 1 um to about 25 um. Such microelec 
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8 
trode may comprise any suitable materials, including but not 
limited to noble metals, noble metal alloy, and vitreous car 
bon. Preferably, such microelectrode comprises platinum or 
platinum alloy. 
The microelectrode employed by the present invention is 

suf?ciently small to avoid noise disturbance due to liquid 
?uctuation, thereby signi?cantly enhancing the signal to 
noise ratio, in comparison With the RDE used in the conven 
tional electrochemical cells. Further, unlike the RDE, the 
microelectrode does not contain any moving parts and there 
fore is much more robust and reliable for long-term uses. 

Additionally, the single chamber con?guration of the elec 
trochemical analytical cell of the present invention alloWs all 
three electrodes to be placed adjacent to each other, Which is 
structurally simpler and functionally more reliable, in com 
parison With the conventional electrochemical cells that com 
prise a reference chamber for disposing the reference elec 
trode and a separate measuring chamber for disposing the 
measuring electrode and the counter electrode. 

FloW-Through Type Electrochemical Cells 
FIG. 1 shoWs an electrochemical analytical cell 10 having 

a ?ow-through con?guration, Which is de?ned as a con?gu 
ration having a liquid pathWay that is free of (or substantially 
free of) blockage. 

Speci?cally, the electrochemical analytical cell 10 com 
prises a housing 11 With ?ve leg portions 12, 16, 14, 18, and 
20. Such housing 11 de?nes a single measurement chamber 
15, Which is in ?uid communication With a liquid inlet 21 and 
an liquid outlet 22. 

Such housing further comprises a measuring electrode 25, 
a reference electrode 27, and a counter electrode 29. Prefer 
ably but not necessary, at least the measuring electrode 25, 
and optionally the reference and counter electrodes 27 and 29, 
comprises a microelectrode having a cross-sectional diameter 
of from about 10 um to about 125 pm. The measurement 
chamber 15 of the present invention may further comprise 
one or more temperature sensors 23, for monitoring liquid 
temperature therein. 
The measuring electrode 25 is preferably embedded inside 

a Wall of the measurement chamber 15 around the leg portion 
14 and extends through such Wall. Electrical connectors 25A 
of the measuring electrode 25 are placed outside of the mea 
suring chamber 15 for outputting analytical signals obtained 
during the electrochemical measurement process, While a 
liquid-contacting surface 25B of such measuring electrode 25 
is aligned With an inner surface 15A of the measurement 
chamber 15, for exposure to the sample electrochemical 
deposition solution contained therein. 

Similarly, the reference electrode 27 is preferably embed 
ded inside a Wall of the measurement chamber 15 around the 
leg portion 18 and extends through such Wall. Electrical con 
nectors 27A of the reference electrode 27 are placed outside 
of the measurement chamber 15 for signal outputting, While a 
liquid-contacting surface 27B of the reference electrode 27 is 
aligned With an inner surface 15B of the measurement cham 
ber 15, for exposure to the sample electrochemical deposition 
solution. 

Further, the counter electrode 29 preferably comprises a 
tubular element having an inner surface 29A and an outer 
surface 29B. Such counter electrode 29 forms a part of the 
liquid outlet 22 for ?oWing of the sample electrochemical 
deposition (ECD) solution therethrough. In such manner, the 
inner surface 29A constitutes a liquid-contacting surface that 
is in direct contact With the sample ECD solution and also in 
alignment With the inner surface 15B of the measurement 
chamber 15, While the outer surface 29B can be connected 
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with external electrical connectors (not shown) for applica 
tion of an electrical potential or current. 

The liquid inlet 21, the measurement chamber 15, and the 
liquid outlet 22 jointly de?ne a liquid path way, which is 
indicated by the arrowheads in FIG. 1, for passing a sample 
ECD solution therethrough. 
An important advantage of the present invention lies in that 

all the liquid-contacting surfaces (25B, 27B, 29A) of all the 
electrodes (25, 27, 29) are aligned with one or more inner 
surfaces (15A, 15B) of such liquid pathway. In this manner, 
the liquid pathway is free of blockage by the electrodes, so 
that a sample ECD solution or a cleaning solution can there 
fore be used to sweep through the entire cell, for complete 
removal of chemical residue and minimization of cross-con 
tamination between different sample ECD solutions. 

The above-described features of the ?ow-through type 
electrochemical cell 10 as illustrated in FIG. 1 can be 
employed either independently or jointly, or with modi?ca 
tions that are consistent with the spirits and principles of the 
present invention, for construction of various new electro 
chemical cells that are within the broad scope of the present 
invention. 

Over?ow Type Electrochemical Cells 
FIG. 2 shows a cross-sectional view of an electrochemical 

analytical cell 30 having an over?ow con?guration, which 
provides a liquid pathway having a direction opposite to the 
direction of gravity and allows discharge of liquid through 
over?ow. 

Speci?cally, the electrochemical cell 30 comprises a hous 
ing 32 mounted by screw members 31A-D. Such housing 32 
contains a single measurement chamber 34 having an inner 
volume 34A de?ned by a top surface 34B, a bottom surface 
34C, and a chamber wall 34D therebetween, and the mea 
surement chamber 34 is in further ?uid communication with 
a liquid inlet 35, a ?rst liquid outlet 44, and a second liquid 
outlet 46. 
A counter electrode 36, a measuring electrode 38, and a 

reference electrode 40 having external electrical connectors 
42 extend from the top surface 34B into the inner volume 34A 
for contacting the sample ECD solution contained by such 
measurement chamber 34. Preferably but not necessary, at 
least the measuring electrode 38, and optionally the reference 
and counter electrodes 36 and 40, comprises a microelectrode 
having a cross-sectional diameter of from about 10 pm to 
about 125 pm. 

The liquid inlet 35 comprises an opening 35A on the bot 
tom surface 34C of the measurement chamber 34, while such 
opening 34A is preferably controlled by a valve for introduc 
tion of liquids (e.g., sample ECD solutions and cleaning 
solutions) from the bottom surface 34C upwardly into the 
inner volume 34A of the measurement chamber 34. 

The ?rst liquid outlet 44 comprises an opening 44A on the 
chamber wall 34D of the measurement chamber 34, while 
such opening 44A is preferably controlled by a valve leading 
to a liquid passage 44B. Such ?rst liquid outlet 44 can be used 
for discharge of a ?rst liquid (e.g., a sample ECD solution) 
introduced by the liquid inlet 35. Sine the liquid ?ow is from 
bottom up, along a direction that is exactly opposite to the 
direction of the gravity, discharge of the liquid is effectuated 
by over?ow only, i.e., the liquid enters the outlet opening 44A 
only when su?icient liquid has been introduced and the liquid 
level reaches such opening 44A. 

Similarly, the second liquid outlet 46 comprises an opening 
46A on the chamber wall 34D of the measurement chamber 
34, while such opening 46A is preferably controlled by a 
valve and is in ?uid communication with a liquid passage 
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10 
46B. Such second liquid outlet 46 canbe used for discharge of 
a second liquid (e.g., a cleaning solution) introduced by the 
liquid inlet 35 by over?ow action as described hereinabove. 
The difference between the ?rst and second liquid outlets 

44 and 46 lies in the fact that the distance between the ?rst 
outlet opening 44A and the bottom surface 34C of the mea 
surement chamber 34 is shorter than the distance between the 
second opening 46A and the bottom surface 34C. 

In such manner, a sample ECD solution can be introduced 
into the measuring chamber 34 via liquid inlet 35 before each 
analysis cycle. Optionally, the measurement chamber 34 can 
be ?ushed by a continuous ?ow of the sample ECD solution 
(indicated by the solid arrowhead) for a brief period of time, 
by opening the valves controlling the inlet 35 and the ?rst 
outlet 44. After the analysis, the valve controlling the ?rst 
outlet 44 can be opened, for discharge of a portion of the 
sample ECD solution; subsequently, such ?rst outlet 44 is 
closed, and the valves controlling the liquid inlet 35 and the 
second outlet 46 can be opened, for ?owing a cleaning solu 
tion through the measurement chamber 34 in an over?ow 
manner. Since the ?rst outlet opening 44A is closer to the 
bottom surface 34C than the second outlet opening 46A, such 
?rst outlet opening 44A lies within the ?ow path of the clean 
ing solution (indicated by the dotted arrowhead), and over 
?ow of the cleaning solution therefore effectively removes 
any chemical residue that is left around the ?rst outlet opening 
44A by the sample ECD solution last analyZed. 

In order to prevent liquid back?ow into the inner volume 
34A of the measurement chamber 34, the liquid passages 44B 
and 46B of the ?rst and second liquid outlet 44 and 46 are 
slanted. Speci?cally, the ends of such liquid passages 44B and 
46B that are adjacent to the respective liquid openings 44A 
and 46A are higher than the other ends, so that once liquids 
enter the liquid openings 44A and 46A, they can only ?ow 
down the slanted liquid passages 44B and 46B under the force 
of gravity to outside of the measurement chamber 34, and no 
liquid accumulation or back?ow is possible inside such 
slanted liquid passages 44B and 46B. 
The above-described features of the ?ow-through type 

electrochemical cell 30 as illustrated in FIG. 2 can be 
employed either independently or jointly, or with modi?ca 
tions that are consistent with the spirits and principles of the 
present invention, for construction of various new electro 
chemical cells that are within the broad scope of the present 
invention. 

Electrochemical Deposition with an Initial Potential Pulse 
Followed by Constant Current 
As described by US. Pat. Nos. 6,280,602; 6,459,011; 

6,592,737; and 6,709,568, a conventional PCGA measure 
ment cycle that is useful for concentration analysis of ECD 
solutions typically comprises the following four steps: 

(a) stripping, in which the copper layer previously depos 
ited is removed; 

(b) cleaning, in which the measuring electrode surface is 
thoroughly cleaned electrochemically or chemically 
using an acid bath; 

(c) equilibration (optional), in which the measuring elec 
trode and the reference electrode are exposed to the 
sample ECD solution and allowed reach an equilibrium 
state; and 

(d) plating, in which copper is electrochemically deposited 
onto the measuring electrode under an initial current 
pulse followed by a constant current, while the plating 
potential between the measuring and counter electrodes 
is monitored and recorded. 
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One problem associated With such conventional PCGA plating, and it constitutes an important advancement in the 
method is that the plating potential signal is not stable during ?eld of PCGA-based concentration analysis. 
the plating step. As a result, the determinations of organic 
additive concentrations are not suf?ciently accurate for the Electrochemical Cchcehtrattch Analysis Using a Five-Step 
high-precision control that is desired from the perspective of 5 Measurement Cycle 
high-Volume manufacturing operations fer the neXt genera- A conventional measurement cycle useful for concentra 
tion of semiconductors, in Which reliable metrology is criti- tion analysis of Copper ECD Solutions typically Comprises 
catty hhPOI'taht- four steps, Which include (1) stripping, (2) cleaning, (3) equi 

The Present thvehttch therefore Provides a new PCGA librium, and (4) plating, as described in US. Pat. Nos. 6,280, 
method, based on the discovery that use ofa potential pulse, 10 602. 6 459 011. 6 592 737. and 6 709 568_ 
in place of a current pulse, folloWed by constant current 
plating during the plating step, yields a plating potential sig 
nal of signi?cantly enhanced stability and accuracy. Such _ _ _ _ _ 
enhancement of stability and accuracy in turn yields cychc Voltammetry (CV) scancleamng’ (3)equ1hbnum’ (4) 
improved measured results for organic additive concentra- 15 platihg’ and (5) Post-Plating Stripping’ for further reducing 
tions in Operation of ECD baths the risk of cross-contamination betWeen sample ECD solu 

tions that are analyZed by sequentially by the same electro 
chemical analytical cell and further shortening the run time 
required for one measurement cycle. 

The present invention provides a neW measurement cycle 
that comprises ?ve steps, including (1) initial stripping, (2) 

Speci?cally, the potential pulse is applied for a suf?cient 
period of time to induce metal nucleation on the electrode 
surface, and preferably for duration of from about 1 micro 
second to about 2.5 seconds. For electrochemical deposition 20 Each steps OfSneh neW measurement cycle are described in 
of copper from a sample ECD solution comprising copper detail in the ensuring SeCtiOnSI 
sulfate, sulfuric acid, chloride, and one or more organic addi 
tives, such potential pulse preferably has a magnitude of from 
about _()_1V to about _1V, more preferably from about _()_1V The neW measurement cycle of the present invention starts 
to about —0.9V. Magnitude of such potential pulse can be 25 With electrostripping cf the measuring electrode: Which is 
readily modi?ed by a person ordinarily skilled in the art to carried out by applying a Positive Petehtiel1 (tea Stripping 

Electrostripping: 

adapt for electrochemical deposition of other metals or metal potential) between the measuring electrode and the counter 
alloys using other ECD Solutioua electrode that is su?icient for electrochemically removing the 

For Copper ECD, the Constant Current following such metal residue formed on the measuring electrode during a 
potential pulse is preferably Within a range of from about —1 30 PreViOuS measurement cycle 
mA/cm2 to about —l000 mA/cm2, Which can be readily modi- When such measurement cycle is used for measuring 
?ed by a person ordinarily skilled in the art for adaptation to sample ECD solutions that comprise copper sulfate, sulfuric 
other types of ECD reactions using other ECD solutions. acid, chloride, and optionally one or more organic additives, 

FIG. 3A shoWs the potential response curves of eight (8) the stripping potential is preferably Within a range of from 
different copper ECD solutions containing the suppressor, 35 about 0.5V to about 1V, and more preferably from about 0.6V 
accelerator, and leveler at different, knoWn concentrations to about 0.8V. The duration of the electrostripping is prefer 
(speci?ed by Table I hereinafter), as measured under a 0.1 ably from about 40 seconds to about 200 seconds and more 
second potential pulse of about —0.7V, folloWed by constant preferably from about 60 seconds to about 120 seconds. Elec 
current plating at —l00 mA/cm2 for about 100 seconds. trostripping at a stripping potential of less than 0.8V and for 

TABLE I 

Additive Concentration (ml/L) 

Solution Solution Solution Solution Solution Solution Solution Solution 

Accelerator 3 3 3 3 9 9 9 9 
Leveler 1.25 1.25 3.75 3.75 1.25 1.25 3.75 3.75 
Suppressor l 3 l 3 l 3 l 3 

In comparison, FIG. 3B shoWs the potential response duration of at least tWice of the plating duration (i.e., 2><) is 
curves of the same solutions #l-8, as measured under a 0.1 particularly suitable for producing reliable and stable mea 
second current pulse of about —200 mA/cm2, folloWed by SUIenlent results 
Constant Current plating at 100 mA/Cm2 for about 100 Sec- 55 Anelectrolytic cleaning solution containing sulfuric acidis 
onds_ preferably used for conducting the electrostripping of the 

measuring electrode, by immersing both the measuring and 
the counter electrodes in such cleaning solution. More pref 
erably, the measurement chamber containing the measuring 

60 electrode and counter electrode is ?ushed With such electro 
lytic cleaning solution during the electrostripping. The ?ush 

It is evident that the potential response curves in FIG. 3A 
contain little ?uctuations over time and almost no overlap 
ping betWeen the curves, While the potential response curves 
in FIG. 3B shoW signi?cant ?uctuations over time and over 

lappmg therebetween' ing may be carried out through the entire time of the electros 
Therefore, use of a potential pulse before constant current tripping, or for only a predetermined period of time (e,g,, 10 

plating in the plating process of the present invention provides seconds or 20 seconds). In such manner, at least a portion of 
plating potential signals of signi?cantly enhanced stability 65 the metal residue stripped off the measuring electrode is 
and accuracy, in comparison With the conventional plating carried out of the measurement chamber by the electrolytic 
process that uses a current pulse before the constant current cleaning solution, thereby reducing the metal concentration 
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in the measurement chamber and reducing the risk of metal 
re-deposition onto the inner surfaces of the measurement 
chamber or counter electrode under the stripping potential. 

CV Scan Cleaning: 
The presence of surface-active organic materials, such as 

the suppressor, accelerator, and leveler in the sample ECD 
solution leads to formation of an organic surface residual 
layer on the surface of the measuring electrode, resulting in 
electrode passivation or a change in the electrode surface 
state, and causing signi?cant measurement errors after such 
measuring electrode is used for an extended period of time. 
Maintenance of a clean, reproducible electrode surface there 
fore is of critical importance in making meaningful elec 
troanalytical measurements. 

The present invention therefore provides a cyclic voltam 
metry-based (CV scan) cleaning step for removing the 
organic surface residue from the measuring electrode. CV 
scan is particularly effective for in situ cleaning and depassi 
vating the electrode, With signi?cantly shortened system 
doWn time and reduced damages to the electrode surface. 

Speci?cally, a cyclic electropotential is applied betWeen 
the measuring electrode and the counter electrode, While both 
electrodes are immersed in either a sample ECD solution or 
an electrolytic cleaning solution as described hereinabove. 
Effective cleaning can be achieve by a cyclic electropotential 
that oscillates betWeen about —4V to about +4V, more pref 
erably from about —lV to about +lV, and most preferably 
from about —0.7V to about 0.25V. Within such cycling range, 
the cyclic electropotential oxidizes and/or reduces the organic 
surface residue absorbed on the measuring electrode, there 
fore depassivating the measuring electrode. Further, such 
cyclic electropotential also generates multiple hydrogen and 
oxygen micro-bubbles on the electrode surface Within such 
cyclic range, therefore providing a vigorous surface process 
that functions to peel aWay any non-oxidiZable or non-reduc 
ible solid or liquid residues on the electrode surface. 

The scan rate (i.e., potential change rate) of the CV scan is 
preferably Within the range of from about 0.1V/second to 
about 0.5V/second and more preferably from about 0.2V/ 
second to about 0.4V/ second. 
The CV scan duration is preferably at least 10 cycles, and 

more preferably at least 15 cycles, and most preferably at least 
20 cycles. 
When the measurement cycle is used for measuring sample 

ECD solutions that comprise copper sulfate, sulfuric acid, 
chloride, and optionally one or more organic additives, an 
electrolytic cleaning solution containing sulfuric acid as 
described hereinabove is preferably used for conducting the 
CV scan cleaning step. More preferably, the measurement 
chamber containing the measuring electrode and counter 
electrode is ?ushed With such electrolytic cleaning solution 
during the CV scan cleaning, so as to carry the organic surface 
residue out of the measurement chamber and reduce cross 
contamination thereby. 

Equilibrium: 
After the stripping and cleaning steps and before the actual 

plating, the measurement chamber is ?lled With a fresh 
sample ECD solution to be analyZed, and the measuring and 
counter electrodes are both immersed in such fresh sample 
ECD solution for a suf?cient period of time until a steady state 
or an equilibrium state is reached. 

Such equilibrium state can be reached either by discon 
necting the measuring electrode from the counter electrode to 
form an open circuit With no electrical current passing there 
through, or by maintaining a closed circuit While applying 
betWeen the measuring and counter electrodes a predeter 
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14 
mined electropotential that is less than the plating potential 
required. In a speci?c embodiment of the present application, 
a tWo-stage equilibrium is achieved by applying a potential of 
from about —lV to about —0.lV during a ?rst stage, and a 
potential of from about 0.1V to about lV during a second 
stage, Wherein the duration of the ?rst stage is at least tWice 
longer than the second stage. Preferably, during such ?rst 
stage of the equilibrium, the sample ECD solution is continu 
ously ?ushed through the measurement chamber. 

Plating: 
Metal electroplating in the present invention is preferable 

carried out at constant plating current, While the potential 
response of the sample ECD solution is concurrently moni 
tored as an analytical signal for determining the organic addi 
tive concentrations in such sample solution. 

Constant plating current Within a range of from about —1 
mA/cm2 to about —1000 mA/cm2, preferably from about —10 
mA/cm2 to about —500 mA/cm2, is suf?cient for electro 
chemical metal deposition, and the plating duration is pref 
erably from about 10 seconds to about 60 seconds, more 
preferably from 10 seconds to about 30 seconds, and most 
preferably from about 15 seconds to about 25 seconds. 

Preferably but not necessarily, the constant current plating 
is preceded by a potential pulse of from about —0. V to about 
—lV, Which lasts only from about 1 microsecond to about 2.5 
seconds. Such potential pulse is particularly useful for opti 
miZing metal nucleation on the electrode surface and stabi 
liZing the potential signals during the subsequent current 
plating stage. 

Post-Plating Stripping: 
The metal deposition layer formed on the measuring elec 

trode during the plating step, if not timely removed, may alloy 
With the metal component of the measuring electrode, thereby 
deleteriously changing the surface state of the measuring 
electrode in an irreversible manner and causing signi?cant 
measurement errors for future measurements. 

Since the time interval betWeen tWo adjacent measurement 
cycles may vary signi?cantly, it is important to ensure timely 
removal of such metal deposition layer and avoid formation 
of alloy betWeen such metal deposition layer and the metal 
component of the measuring electrode. 
The present invention therefore provides post-plating elec 

trostripping immediately after the plating step, to remove at 
least a portion of the metal deposition layer before the com 
mencement of the next measurement cycle. Therefore, pro 
longed time intervals betWeen measurement cycles Will no 
longer cause surface state changes of the measuring electrode 
or reduce the measurement accuracy. 

Such post-plating electrostripping can be carried out by 
applying a positive potential (i.e., the stripping potential) of 
from about 0.1V to about 0.3V betWeen the measuring elec 
trode and the counter electrode for from about 20 seconds to 
about 60 seconds. 
An electrolytic cleaning solution containing sulfuric acid is 

preferably used for conducting the post-plating electrostrip 
ping. More preferably, the measurement chamber containing 
the measuring electrode and counter electrode is ?ushed With 
such electrolytic cleaning solution, either throughout the 
post-plating electrostripping step or for at least a suf?cient 
period of time (e.g., 20 to 40 seconds). 

FIGS. 4A and 4B shoWs the potential Waveforms for tWo 
measurement cycle, according to tWo slightly different 
embodiments of the present invention. 

Speci?cally, FIG. 4A shoWs a measurement cycle that 
comprises (1) an initial electrostripping carried out in a sul 
furic acid cleaning solution at a stripping potential of about 
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0.7V for about 80-100 seconds, during Which the sulfuric acid 
cleaning solution ?ushes the measurement chamber for about 
10 seconds; (2) CV scan cleaning carried out in a sulfuric acid 
cleaning solution at a cyclic potential that oscillates betWeen 
—0.7V to about 0.25V for about 20 cycles (i.e., n:20) With a 
scan rate of about 0.3V/ second, throughout Which the sulfuric 
acid cleaning solution continuously ?ushes the measurement 
chamber; (3) tWo-stage equilibrium carried out in a fresh 
sample ECD solution With a close circuit betWeen the mea 
suring and counter electrodes, Wherein a ?rst potential of 
about —0.7V is applied for about 80 seconds With the sample 
ECD solution continuously ?ushing through the measure 
ment chamber during a ?rst stage, and a second potential of 
about 0.82V is applied for about 5 seconds in the sample ECD 
solution; (4) electroplating carried out in the sample ECD 
solution, by applying an initial potential pulse of about 
—0.l7V for about 0.141 seconds and a subsequent constant 
plating current of about —940 mA/cm2 for about 20 seconds, 
during Which the potential responses of the sample ECD 
solution is continuously monitored; and (5) post-plating elec 
trostripping carried out in a sulfuric acid cleaning solution at 
a stripping potential of about 0.3V for about 40 seconds, 
throughout Which the sulfuric acid continuously ?ushes the 
measurement chamber. 

FIG. 4B shoWs a measurement cycle similar to that illus 
trated in FIG. 4A, except that the equilibrium is reached in an 
open circuit Without sample ?ushing. 

The entire runtime required for the measurement cycle of 
the present invention is not more than 20 minutes, and typi 
cally around 6-10 minutes, Which signi?cantly increases the 
measurement ef?ciency and enables true real-time ECD bath 
analysis. Further, such measurement cycle further reduces the 
risk of cross-contamination betWeen different sample solu 
tions analyZed by the same electrochemical analytical cell 
and increases the accuracy of the measurement results. 

Concentration Analysis Based on a Single Multiple Regres 
sion Model 
The present invention provides a method for simulta 

neously determining the concentrations of multiple organic 
additives, i.e., suppressor, accelerator, and leveler, in a sample 
ECD solution, based on a single multiple regression model 
that de?nes the electroplating potential of the sample solution 
as a function of multiple variables that represent both the 
compositional parameters, such as the additive concentra 
tions, as Well as non-compositional parameters associated 
With the measurement cycle. 

First, various non-compositional variables that may have 
potential impacts on the electroplating potential of the sample 
ECD solution are tested for their respective signi?cance With 
respect to the electroplating potential. Speci?cally, electro 
plating potentials of one or more sample ECD solutions under 
varying values of the potential non-compositional variables 
are measured to establish a sample data set for analysis of 
variance tests, in Which the estimated coef?cient (i.e., param 
eter) of each non-compositional variable and the probability 
that such coef?cient may equal Zero are determined. The 
non-compositional variables having non-Zero coef?cients at 
con?dence levels above a predetermined threshold (for 
example, not less than 95%, Which means that the probability 
that the coef?cients of such variables are not Zero is equal to 
or more than 95%) are selected. 

By testing various non-compositional variables, nucleation 
potential, nucleation time, electroplating current, electroplat 
ing time, With or Without CV scan cleaning, scan rate of the 
CV scan, types of cleaning solution used, siZe of the measur 
ing electrode used, sample solution de-aeration, and equilib 
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rium time have been found to have impact on the electroplat 
ing potential. Particularly, the nucleation potential, the 
nucleation time, the electroplating current, the electroplating 
time, the CV scan duration, and the siZe of the measuring 
electrode in?uence have signi?cant impact on the plating 
potential. 
A multiple regression model can therefore be established 

to express the electropotential responses of ECD solutions as 
a function of one or more above-described non-composi 

tional variables, the organic additives concentrations, and 
their corresponding coef?cients. 

Preferably, one or more terms representing the interactions 

betWeen the organic additive concentrations and the non 
compositional variables are included in such multiple regres 
sion model. Quadratic terms and/or cubic terms can also be 
included. 

For illustration purposes While Without limiting the broad 
scope of the present application, an exemplary multiple 
regression model is established as folloWs: 

Wherein Y is the electroplating potential measured for a 
sample ECD solution; A is the nucleation potential (V); B is 
the nucleation time (second); C is the electroplating current 
(mA/cm2); D is the CV scan duration (second); E is the siZe of 
the measuring electrode (um); Acc is the concentration of the 
accelerator in the ECD solution; Lev is the concentration of 
the leveler; Sup is the concentration of the suppressor; AC, 
AE, BD, and CE represent tWo-Way interactions betWeen the 
non-compositional variables ABCDE; A><Acc and C><Lev 
represent tWo-Way interactions betWeen a non-compositional 
variable and an additive concentration; AE><Lev and AE><Sup 
represent three Way interactions betWeen tWo non-composi 
tional variables and an additive concentration; A2, B2, C2, D2, 
and E2 are the quadratic terms of the non-compositional vari 
ables ABCDE; [30 is the intercept; and [31-622 are the coef? 
cients for all the terms of the multiple regression model. 

The intercept [30 and the coel?cients [31-622 of the above 
multiple regression model can be readily determined by run 
ning multiple calibration measurements, each of Which mea 
sures the electroplating potential of a calibration solution 
containing the suppressor, the accelerator, and the leveler at 
knoWn concentrations at predetermined measurement set 
tings, i.e., With predetermined values of the non-composi 
tional variables A, B, C, D, and E. 

Subsequently, three experimental runs are designed for 
measuring the sample ECD solution containing the organic 
additives at unknown concentrations. Each experimental run 
is characterized by a unique, predetermined measurement 
setting, i.e., With predetermined values of the non-composi 
tional variables A, B, C, D, and E. 
The electroplating potentials of the sample ECD solution 

are then measured for these three experimental runs, to estab 
lish three equations (l)-(lll), as folloWs: 
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whereinYl-Y3 are the electroplating potentials of the sample 
ECD solution as measured during the three experimental 
runs, wherein Al-El, A2-E2, and A3-E3 are the respective 
predetermined values of the non-compositional variables 
ABCDE during the three experimental runs. 

Therefore, the above-listed three equations contain only 
three unknown values, i.e., the accelerator concentration 
(Acc), the leveler concentration (Lev), and the suppressor 
concentration (Sup). Such unknown concentration values can 
thus be readily determined by solving the three equations 
(I)-(III). 
The three experimental runs can be carried out sequentially 

in the same electrochemical analytical cell. Alternatively, 
they can be carried out simultaneously in three electrochemi 
cal analytical cells, each of which operates according to a 
unique, predetermined measurement protocol with predeter 
mined values for the non-compositional variables ABCDE. 

The number and type of non-compositional variables to be 
included into the multiple regression model can be readily 
modi?ed by a person ordinarily skilled in the art. The essence 
of this invention is to use three experimental runs to provide 
three equations with only three unknown values correspond 
ing to the additive concentrations, which are readily solvable 
for concentration determination. Therefore, as few as one 
non-compositional variable and as many as in?nite number of 
variables can be included into the model. When more vari 
ables are included, the model is more sophisticated and pro 
vides more accurate analytical results. 

Concentration Analysis Using a Single Experimental Run 
The present invention provide another method for simul 

taneously determining concentrations of all three organic 
additive (i.e., accelerator, leveler, and suppressor) in a sample 
ECD solution within a single experimental run, wherein time 
is used as a variable for constructing three or more multiple 
regression models, and wherein interactions between the 
organic additives are accounted for. 

This method, unlike the method described in the previous 
section, does not rely on usage of any non-compositional 
variables associated with the experimental settings. Instead, it 
considers only compositional terms associated with the addi 
tive concentrations and the interactions therebetween. 

The concentrations of accelerator, leveler, and suppressor 
are the three basic and necessary compositional variables to 
be included. Additional compositional terms representing 
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interactions between the additives or quadratic/cubic terms 
may also be included. For example, additional compositional 
terms have potential impacts on the electroplating potential of 
the sample ECD solution can be tested for their respective 
signi?cance with respect to the electroplating potential. Spe 
ci?cally, electroplating potentials of one or more sample ECD 
solutions under varying values of such additional composi 
tional terms are measured to establish a sample data set for 
analysis of variance tests, in which the estimated coef?cient 
(i.e., parameter) of each additional compositional term and 
the probability that such coef?cient may equal Zero are deter 
mined. The additional compositional terms having non-Zero 
coef?cients at con?dence levels above a predetermined 
threshold (for example, not less than 95%, which means that 
the probability that the coef?cients of such variables are not 
Zero is equal to or more than 95%) can be selected for inclu 
sion. 

For illustrative purposes, the following nine (9) composi 
tional terms can be selected, which include: 

A Accelerator concentration 
B Leveler concentration 
C Suppressor concentration 
AB Interaction between accelerator and leveler 
AC Interaction between accelerator and suppressor 
ABC Interaction between accelerator, leveler, and suppressor 
AA Quadratic term for accelerator 
BB Quadratic term for leveler 
CC Quadratic term for suppressor 

The selected compositional terms can then be used to 
establish m multiple regression models that corresponds to In 
time points (t1, t2, . . . tm) during the electrochemical metal 
deposition process, wherein each model expresses electropo 
tential responses of the ECD solutions as a function of the 
selected compositional terms and their corresponding coef? 
cients, wherein mi3. 

For example, three multiple regression models that corre 
spond to three time points (t1, t2, and t3) can be established, as 
follows: 

whereinYl,Y2, and Y3 are the electroplating potentials mea 
sured at respective time points t1, t2, and t3; [3Al-[3CC1 are the 
coef?cients for the selected compositional terms A-CC at 
time point t1; [3A2-[3CC2 are the coef?cients for the selected 
compositional terms A-CC at time point t2; [3A3 -[3CC3 are the 
coef?cients for the selected compositional terms A-CC at 
time point t3. 

The values of the coef?cients [3 A1-[3CC1, [3A2-[3CC2, and 
[3A3-[3CC3 can be readily determined by running multiple 
calibration measurements of various calibration solutions 
having unique, known organic additive concentrations, and 
during each calibration measurement, the electroplating 
potential is measured three times, at each of the time points t1, 
t2, and t3. 
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Subsequently, a single experimental run is carried out for 
measurement of the sample ECD solution that contains the 
accelerator, leveler, and suppressor at unknown concentra 
tions. Electroplating potentials of such sample ECD solution 
at the three time points t1, t2, and t3 are sequentially measured 
during the experimental run and recorded as Y1, Y2, and Y3. 

Based on the three multiple regression models established 
hereinabove, the coe?icient values determined via calibration 
measurements, and the electroplating potentials measured 
during the experimental run, one can readily calculating the 
organic additive concentrations A, B, and C. 
A quick and direct method for calculating the organic 

additive concentrations relies on matrix inversion. Speci? 
cally, three matrices X, [3, andY are constructed as follows: 

0: 

AB 

AC 

AA 

BB 

CC 

B3B Bic 1338C 133A BE; B3“ 

BIC 
B26 
B36 

2 Bl; 
Bi Bé 

The three multiple regression models as described herein 
above can be represented by a simple matrix-based model that 
de?nes Y:[3X, Wherein X is a compositional matrix contain 
ing the selected compositional terms, Wherein [3 is a coeffi 
cient matrix containing the coef?cients determined via cali 
bration measurements, andY is a response matrix containing 
the electropotential responses measured via experimental 
run. 

Since both matrices [3 andY contain knoWn elements (i.e., 
l3Al'l3ccls l3A2'l3cc2s l3A3'l3cc3s andY1'Y2): thay can be used 
to determined the unknown elements (i.e., A, B, C, . . . CC) 
contained in matrix X. 

From [3X:Y, the folloWing can be obtained: 

(615W: Y6’ 

Wherein [3' is the transpose of [3, and Wherein ([3'[3)_l is the 
inverse of [3' [3. 

Since ([3'[3)_1([3'[3) equals the identity matrix I, and since 
the product of identity matrix I With any matrix A Will still be 
A, We can derive X as: 

X IYB'GFIWI 

When [3 is knoWn, its transpose [3' and the inverse of their 
product ([3'[3)_l can be readily calculated. Therefore, the con 
centrations of the accelerator, leveler, and suppressor (A, B, 
and C) can be directly determined as the elements of the 
matrix X. 
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The above example uses nine compositional terms and 

three multiple regression models for simplicity. In practice, 
the number of compositional terms can be more or less than 
nine (but not less than three), While more than three multiple 
regression models can be used. 

In general, n compositional terms can be selected to estab 
lish m multiple regression models (n23, and mi3), as fol 
loWs: 

Wherein X1, X2, X3, . . . , X” are the n selected composi 

tional terms; Y1, Y2, Y3, . . . , Ym are the electroplating 
potentials measured at In time points t1, t2, t3, . . . ,tm; [3ll-[3ln 
are the coe?icients for the selected compositional terms 
Xl-Xn at time point t1; [32l-[32n are the coef?cients for the 
selected compositional terms Xl-Xn at time point t2; [33 l-[33n 
are the coe?icients for the selected compositional terms 
Xl-Xn at time point t3; . . . ; and [3ml-[3mn are the coef?cients 
for the selected compositional terms X l-Xn at time point tm. 
The three matrices X, [3, andY can then be constructed as 

folloWs: 

,311 
B21 
B31 

,312 
,322 
,332 

Ym 

As shoWn, the generaliZed compositional matrix X is a n><l 
matrix containing the n compositional terms; the generaliZed 
coe?icient matrix [3 is a m><n matrix; and the generaliZed 
response matrix Y is a m><l matrix. 

Various time points during the electrochemical deposition 
process can be selected for constructing the multiple regres 
sion models. For example, for constructing the three multiple 
regression models as illustrated hereinabove, the time points 
at 5 seconds, 10 seconds, and 20 seconds can be used, While 
additional time points at 0.2 second, 0.25 second, 0.5 second, 
and 1 second can also be used. 

While the ensuing description of the invention contains 
reference to illustrative embodiments and features, it Will be 
recogniZed that the methodology and apparatus of the inven 
tion are not thus limited, but rather generally extend to and 
encompass the determination of analytes in ?uid media. For 
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example, although the present description is directed prima 
rily to copper ECD deposition analysis, the invention is 
readily applicable to other ECD processes, including deposi 
tion of silver, gold, iridium, palladium, tantalum, titanium, 
chromium, cobalt, tungsten, etc., as Well as deposition of 
alloys and deposition of amalgams such as solder. 

Examples of additional applications of the invention other 
than ECD plating of semiconductor device structures include 
analysis of reagents in reaction media for production of thera 
peutic agents such as pharmaceutical products, and biotech 
nology applications involving the concentrations of speci?c 
analytes in human blood or plasma. It Will therefore be appre 
ciated that the invention is of broad application, and that the 
ECD system and method described hereafter is but one of a 
myriad of potential uses for Which the invention may be 
employed. 

What is claimed is: 
1. An electrochemical cell for analyZing a sample electro 

chemical deposition solution, comprising (l) a single mea 
surement chamber for receiving the sample electrochemical 
deposition solution, said measurement chamberbeing in ?uid 
communication With at least one liquid inlet and at least one 
liquid outlet, (2) a test electrode, a counter electrode, and a 
reference electrode positioned in said measurement chamber 
for contacting the sample electrochemical deposition solu 
tion, Wherein said test electrode has a longitudinal axis and is 
characterized by an average transverse dimension of from 
about 1 pm to about 250 pm, as measured along a direction 
that is perpendicular to said longitudinal axis, Wherein said 
test electrode does not extend into said measurement cham 
ber, but terminates at a ?at end surface that is ?ush With an 
inner surface of the measurement chamber so that the test 
electrode contacts said solution When present in said mea 
surement chamber only at said ?at end surface of the test 
electrode, Wherein the counter electrode comprises a tubular 
element having an inner surface and an outer surface and 
Whose holloW center serves as a liquid pathWay for the elec 
trochemical deposition solution, Wherein the tubular counter 
electrode forms a part of the liquid outlet and serves as the 
liquid pathWay for the sample electrochemical deposition 
solution to pass therethrough, Wherein said inner surface of 
the counter electrode constitutes the only liquid contacting 
surface of said counter electrode, and Wherein said counter 
electrode maintains contact With sample electrochemical 
deposition solution at its inner surface and connects to exter 
nal electrical connectors at its outer surface. 

2. The electrochemical cell of claim 1, Wherein said test 
electrode has a cross-sectional diameter Within a range of 
from about 1 um to about 125 pm. 

3. The electrochemical cell of claim 1, Wherein said test 
electrode comprises platinum or platinum alloy. 

4. The electrochemical cell of claim 1, Wherein the liquid 
inlet, the liquid outlet, and said measurement chamber de?ne 
a liquid pathWay therethrough, Wherein each of the test elec 
trode, the counter electrode, and the reference electrode com 
prises one or more liquid-contacting surfaces, and Wherein 
the test electrode, the counter electrode, and the reference 
electrode are arranged and constructed so that all of the liq 
uid-contacting surfaces of said electrodes are ?ush With one 
or more inner surfaces of the liquid inlet, the liquid outlet, 
and/ or the measurement chamber, such that the liquid path 
Way is free of blockage by the electrodes. 

5. The electrochemical cell of claim 1, Wherein said test 
electrode is embedded in a Wall of said measurement cham 
ber, and comprises electrical connectors extending outside of 
said measurement chamber. 
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6. The electrochemical cell of claim 1, Wherein said refer 

ence electrode is embedded in a Wall of said measurement 
chamber, said reference electrode comprising (1) electrical 
connectors extending outside of said measurement chamber, 
and (2) terminating at a ?at end surface constituting a liquid 
contacting surface that is ?ush With an inner surface of the 
measurement chamber for contacting sample electrochemi 
cal deposition solution therein, Wherein said ?at end surface 
of the reference electrode ?ush With the inner surface of the 
measurement chamber constitutes the only liquid-contacting 
surface of said reference electrode, such that the liquid path 
Way is free of blockage by the reference electrode. 

7. The electrochemical cell of claim 1, Wherein said mea 
surement chamber further comprises one or more tempera 
ture sensors for monitoring liquid temperature thereWithin. 

8. The electrochemical cell of claim 1, Wherein the mea 
surement chamber comprises ?ve leg portions, With the test 
electrode embedded in a ?rst leg, the reference electrode 
embedded in a second leg, and the counter electrode is 
coupled With a third leg. 

9. The electrochemical cell of claim 8, further comprising 
a temperature sensor in a fourth leg, and a liquid inlet coupled 
With a ?fth leg. 

10. An electrochemical cell for analyZing a sample elec 
trochemical deposition solution, including a measurement 
chamber comprising an inner volume de?ned by a bottom 
surface, a top surface and a chamber Wall therebetWeen, With 
a liquid inlet and a liquid outlet communicating With the inner 
volume of the measurement chamber, and a test electrode, a 
counter electrode and a reference electrode in the measure 
ment chamber, Wherein the test electrode, the counter elec 
trode, and the reference electrode extend from the top surface 
doWnWardly into the inner volume of said measurement 
chamber in parallel side by side relationship to one another, 
each terminating at a loWer end and having a substantially 
similar length measured from the top surface of the measure 
ment chamber to its loWer end, and Wherein the liquid inlet 
comprises an opening on the bottom surface of said measure 
ment chamber for introducing liquid from the bottom surface 
upWardly into the inner volume of the measurement chamber, 
Wherein said measurement chamber comprises a ?rst and a 
second liquid outlet, Wherein said ?rst liquid outlet comprises 
a ?rst opening on the chamber Wall, Wherein said second 
liquid outlet comprises a second opening on the chamber Wall 
positioned such that the distance betWeen the ?rst opening 
and the bottom surface is greater than the distance betWeen 
the ends of the electrodes extending doWnWardly into the 
inner volume of the chamber and the bottom surface, and 
Wherein the distance betWeen said ?rst opening and the bot 
tom surface of the measurement chamber is less than the 
distance betWeen said second opening and the bottom surface 
of the measurement chamber. 

11. The electrochemical cell of claim 10, Wherein the liquid 
outlet comprises an opening on the chamber Wall Wherein the 
distance betWeen the opening on the chamber Wall and the 
bottom surface of the chamber is greater than the distance 
betWeen the ends of the electrodes extending doWnWardly 
into the inner volume of the chamber and the bottom surface. 

12. The electrochemical cell of claim 11, Wherein the liquid 
outlet further comprises a liquid passage in ?uid communi 
cation With the opening, and said liquid passage is slanted in 
a doWnWard direction so as to prevent liquid back?oW into the 
inner volume of the measurement chamber. 

13. An electrochemical cell for analyZing a sample elec 
trochemical deposition solution, including a measurement 
chamber comprising an inner volume de?ned by a bottom 
surface, a top surface and a chamber Wall therebetWeen, With 








